A Synthesis of modhephene has been achieved, the key feature of which is the use of a novel nucleophilic addition/rearrangement reaction to develop the carbon framework. Stereochemical control of the stereogenic center bearing the methyl group was accomplished by variation of the hydrogenation conditions. As a byproduct of this work, we have clarified structural assignments of intermediates from previous syntheses.
rel-(%R,GS,aS)-6-Cyano-6-methyl-a-( l-methylethyl). tetrahydro-2H-pyran-2-methanol(17b).
A solution of ketone 2 (0.34 mg, 0.2 mmol) in 2 mL of CHZC1, was stirred and cooled at -78 "C as TMSCN (0.08 mL, 0.6 mmol) and BF3.0Et, (0.06 mL, 0.5 mmol) were added. The temperature was maintained at -78 "C for ca. 8 h and then slowly warmed to -19 "C (in a cold room) over 40 h. Ether and saturated NaHC03 were added, and the crude product was isolated by the standard method. ' H NMR spectrum of the isolate indicated that <5% of cis diastereomer 17a was present in the crude product. Trans diastereomer 17b was isolated in 87% yield (34 mg, 0.17 mmol) using RC (3.51 and then 1:l pentane-ether, pretreated plate with 7% triethylamine in 3.51 pentane-ether): 'H NMR16 (500 MHz, CDC13) 6 3.63 (1 = 8.5 Hz, JH-m = 3 Hz, H a ) , 2.1 (2 H, m, H-3(a), H-5(a)), 2.08
(1 H, d of sep (partially buried under 2.1 a), J = 2.5,1.5 Hz, H-fl), 1.94 (1 H, app dd, J = 8, 8 Hz, H-5(8)), 1.69 (1 H, m, H-4(/3) ), 1.6 (1 H, br 8 , OH), 1.53 (3 H, s), 1.49-1.38 (2 H, m, H-4(a) 3.401, 171 (MH -HCN, 100); HRMS (CI, 70 eV) m / e 198.1515 (198.1495 calcd for CllHlBNOz + H).
rel-(2R ,7R ,aS)-7-Methyl-u-( l-methylethyl)oxepane-2-methanol (19). Triphenylsilane (420 mg, 1.6 mmol) in 0.9 mL of CH2Clz was added to ketone 3 (37 mg, 0.2 mmol) at 20 "C. The solution was cooled to -45 OC, and BFsOEt, (0.11 mL, 0.89 "01) was added dropwise. After being stirred for 1.5 h at -45 "C and for 6 h at -25 "C, the solution was warmed to 20 "C and stirred for 14 h. Ether and saturated NaHC03 were added, and the crude product was isolated following the standard workup procedure.
Less than 5% of the minor diastereomer was present in the crude sample as indicated by the 'H NMR spectrum. Purified (18) . Ketone 3 (37 mg, 0.2 mmol) in 1 mL of CHzClz was cooled in a -40 "C bath, and BF3.0Et, (0.05 mL, 0.4 mmol) was added. After being stirred for 1 h, the reaction mixture was warmed to 0 "C over 2 h and then quenched using saturated NaHC03. Following the standard workup procedure, ketal 18 was isolated in a 70% yield (26 mg, 14 mmol): 'H NMR (300 MHz, CDC13) 6 4.23 (1 H, app t, J = 4.8 Hz, 3.48 (1 H, ddd, JH-H. 8.5 Hz, J 10,7.5 Hz, H-2), 3.46 (1 H, dd, JH& H-3(@)), 1.07 (3 H, d , J = 7 Hz), 0.88 (3 H, d , J = 7 Hz); 'W NMR 1.16 (3 H, d , J = 7.8 Hz, H-a), 0.95 (3 H, d , J 6.9 Hz), 0.89 (3 H, dd, J = 10.5,4.5 Hz, H-8), 1.S1.51 (9 H, m), 1.36 (3 H, e), 1.05 (3 H, d , J = 6.6 Hz), 0.83 (3 H, d , J = 6.6 Hz); 'W NMR (126 rel -(2R ,567 ,aS )-S-Cyclohexoxy-a-( 1 -met hylet hy1)tetrahydrofuran-2-methano1(22a). BF3.0Et, (0.03 mL, 0.22 mmol) was added dropwise to epoxy ester 4 (48 mg, 0.2 mmol) in 2.5 mL of CH2Clz at -78 OC. After 5 min, 0.44 mL of a freshly prepared 0.5 M solution of LiAlH, in THF (0.22 mmol) was added over 5 min and the reaction mixture was stirred for 3 h at -78 "C. The reaction was warmed to 20 "C over 14 h, and the product was isolated using the standard workup procedure. Following RC (la1 hexanes-ether pretreated with 1% triethylamine), 33 mg of cis acetal 22a was isolated (8l%, 39 mg, 0.18 mmol) with a small amount of the other diastereomer. Diastereomeric ratio (15:l cis:trans) was determined by GC. Data for 22a: 'H NMR (500 J = 7.8, 2.5 Hz, H-2), 3.56 (1 H, m, (cyclohexyl) In view of the succ888fu1 rearrangements of 2, we decided to examine the chemistry of bicyclo [3.3 .l]nonenone 9, a potential precursor to 1. This compound was prepared by the reaction of keto ester 8 with methyl vinyl ketone (MVK) in the presence of concentrated sulfuric acid? The reaction conditions were very critical. The optimal conditions involved the slow dropwise addition of sulfuric acid to a mixture of 8 and MVK at -78 OC. If the reaction was conducted at higher temperatures or if the addition of sulfuric acid was too fast, dark polymeric byproducts were formed. These unusual conditions were dictated because the use of solvents such as benzene, methylene chloride, or acetonitrile led only to recovered 8.
With gram quantities of 9 in hand, the nucleophilic additionlring contraction sequence was studied. The r e action of 9 with the anions of acetophenone and dimethyl methylphosphonate led to esters 10 and 11 in 41% and 70% yields, respectively.
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Catalytic Hydrogenation Route to epi-Modhephene.
Ester 11 contains two of the three rings of modhephene.
We subjected ester 11 to catalytic hydogenation with hydrogen and Pd/C. A single stereoisomer was obtained which we initially assigned to be isomer 13 derived from catalytic hydrogenation from the exo face of the bicyclo- However, a paper by Curran and co-workers appeared shortly after we had obtained the vinylogous ester described above.' They case doubt on the structure of the penultimate intermediate in the Mundy synthesis. Our claim of a synthesis of modhephene via the Mundy intermediate became uncertain. We felt that if a structural misassignment had been made, it most likely had occurred in the assignment of either the stereochemistry of the hydrogenation product or the regiochemistry of the phosphonate cyclization product. The possibility that the hydrogenation reaction had produced isomer 12 could more readily be tested. Although the production of 12 necessitated a hydrogenation from the crowded endo face of the bicyclo [3.3.0] octane system, approach from the ex0 face was hindered by both the ester and keto phosphonate groups at the bridgehead carbons. Reactions of Bridgehead Halides ported the use of an iridium catalyst for directed hydrogenation of alkenes. Since they demonstrated that carbonyl group exerted a strong directing effect, we employed this catalyst for the hydrogenation of keto phosphonate 11. The iridium-mediated reduction afforded 13 which J. Org. Chem., Vol. 56, NO. 13, 1991 4149 either isomer can be obtained by the appropriate choice of hydrogenation conditions. Additionally, this approach has helped to clarify unresolved stereochemical assignments from prior modhephene syntheses.
Experimental Section
Unless otherwise noted, materials were obtained from commercial suppliers and were used without purification. HEA refera to hexanes-ethyl acetate solvent mixtures for TLC and chromatography. The purity of all title compounds was determined to be >90% by proton NMR and/or elemental analysis.
Ethyl 5 was different from 12. Cyclization with KH (tBuOK afforded much lower yields in this case) in boiling benzene afforded a vinylogous ester 15 whose 300-MHz NMR spectrum was quite different from that of 14. Reaction of 15 with methyllithium in hot THF followed by hydrolysis of the alcohol with sulfuric acid produced 16. The 300-MHz NMR spectrum of ketone 16 was identical with the 300-MHz NMR spectrum provided by Curran. This comparison established the structure of the iridium-mediated reduction product which we had tentatively assigned as 13 and also established the structure of the vinylogous ester as 15. Since Curran has converted 16 into a mixture of 1 and isomodhephene 17, the preparation of 16 constitutes a formal synthesis of 1.
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Structural Assignments in Previous Modhephene S y n t h . The major clue to resolving the stereochemical misassiienta was found in a footnote in Curran's paper, which mentions a reversal of proton NMR assignments for some compounds in the modhephene series and the epimodhephene series in a f u l l paper by Smith and mworkers detailing their clever synthesis of modhephene.' Unfortunately, the structural assignment for the key Mundy intermediate 18 was based on a proton NMR comparison with one of these inadvertently misassigned compounds.
Interestingly, the stereogenic center bearing the methyl group in the Mundy synthesis had been introduced by catalytic hydrogenation of diester 19 using Pd/C as the catalyst. Additionally, it is now clear why diketone 20, an intermediate in the Mundy synthesis, afforded such high regioselectivity in the formation of a vinylogous ester.
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Conclusions Our synthesis represents a direct synthetic application of a novel nucleophilic addition/rearrangement sequence of bicyclic bridgehead bromides. We have ala0 shown that HRMS m / e for C1&IH,0Bp calcd 330.12323, meaeured 330.12270; NMR (CDCl,) 6 201.554, 201.471,176.126, 139.091,128.021,  79.978,79.908,62.477,52.795,52.700,52.447,52.373,52.070,42.900 To a suspension of 10% Pd/C (0.010 g) in 6 mL of MeOH under an atmosphere of hydrogen was added ester 11 (0.170 g, 0.59 "01) in 1 mL of MeOH. The suspension was stirred at ambient temperature for 72 h. The suspension was then filtered through Celite with MeOH. (Do not let catalyst become dry!) The methanol solution was concentrated in vacuo. The residue was purified by chromatography on 331 H W E t O H to afford 0.175 g (100% yield) of 12.
Compound 12 (0.080 g, 0.28 "01) and potassium tee-butoxide (0.078 g, 0.70 mmol) and a crystal of 18-crown-6 were heated at 80 "C in 5 mL of toluene for 15 h. The solution was then cooled to 0 "C, water was added, and the aqueous layer wae extracted twice with ether. The combined organic layers were dried and concentrated in vacuo. The residue was purified by sg chromatography using 5:51 H:EAEtOH to afford 0.023 g (30% yield) (1.36 mL, 3.4 "01) .
The solution became a white suspension that was stirred for 15 min. The bromo ketone 9 (0.750 g, 2.62 "01) in 10 mL of THF waa added dropwise. The solution was stirred for 15 min at -78 "C and then allowed to slowly warm to 25 "C over 1 h. The solution waa then cooled to -78 "C and quenched with 15 mL of 2 N HCl. The aqueous layer was extracted four times with 30 mL of ether. The combined extracts were dried and concentrated in vacuo. was dissolved in 5 mL of benzene. To this solution was added 18-crown-6 (5 mg) and KH (1.8 mg, 0.42 "01).
The solution was heated to reflux for 6 h. The solution was cooled, washed with water, and concentrated in vacuo. The residue was purified by sg chromatography using 51 HEA to elute the product and 5:51 HEA:EtOH to elute the starting material (0.025 g). Chromatography gave 0.020 g (33% yield) of ketone 15. 024 "01) in 1.5 mL of THF at 25 "C was added MeLi (0.12 mL, 0.15 mmol). The solution was heated to 60 OC for 6 h. The solution was cooled to 25 OC, and 1 mL of 2 N HC1 was added. The reaction mixture was stirred for 30 min. The aqueous layer was extracted twice with ether. The combined organic layers were dried and concentrated in vacuo. The residue was purified by sg chromatography using 51 H:EA to afford 0.003 g (65% yield) of enone 16. The product was a colorless oil with R 0.38 in 5:l H:EA. NMR (CDCl,) 
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